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Recent efforts to improve the representation of plant species included on the IUCN Red List of Threatened Species through the IUCN Sampled Red List Index (SRLI) for Plants have led to the assessment of almost 1,000 additional species of pteridophytes and lycophytes under IUCN Red List criteria. Species were selected at random from all lineages of pteridophytes and lycophytes and are taxonomically as well as ecologically representative of the diversity of pteridophytes and lycophytes from across the world. Results show that 16% of pteridophyte and lycophyte species are globally threatened with extinction under IUCN Red List criteria, and 22% are of elevated conservation concern (threatened or Near Threatened); of species of pteridophytes and lycophytes previously included on the Red List, 54% were considered threatened. Over half of pteridophyte and lycophyte species assessed for the SRLI use estimates of range size; therefore the method used to measure range may have an impact on the Red List category assigned. We evaluated this using two alternative metrics for estimating range, species distribution modelling (SDM) and ecologically suitable habitat (ESH), for 227 SRLI pteridophyte species endemic to the Neotropical biogeographic realm. Differences between range estimates were small when ranges were small but increased with increasing range size. For 8% of species alternative modelling techniques would result in the species meeting the threshold for a different IUCN Red List category than would using extent of occurrence. Modelling threatened species distributions also highlights priority areas for conservation in tropical and subtropical montane forests that are the most species-rich habitat for small-range pteridophyte and lycophyte species, but which are now increasingly subject to rapid conversion to agriculture.
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INTRODUCTION
Attempts to set, measure and monitor progress towards international goals to address biodiversity loss (Walpole et al., 2009; Balmford et al., 2010) have to date largely been unsuccessful (Butchart et al., 2010; Tittensor et al., 2014). The outcome of the Xth Conference of the Parties to the Convention on Biological Diversity (CBD) in 2010 was an agreement on a further 20, more stringent, ‘Aichi’ Targets (Decision X/2; UNEP, 2010). As a component of this effort, the IUCN Red List Index (Butchart et al., 2004, 2005) and its sampled approach for larger, more poorly-known taxonomic groups (Baillie et al., 2008) has been implemented as a formal CBD indicator, a Barometer of Life (Stuart et al., 2010) measuring Aichi Target 12: “By 2020 the extinction of known threatened species has been prevented and their conservation status, particularly of those most in decline, has been improved and sustained” (UNEP, 2010). To monitor the conservation status and trends in extinction risk for plants worldwide and help measure progress in achieving Aichi Target 12, samples of different plant lineages have been selected and assessed for the IUCN Sampled Red List Index (SRLI) for Plants (Brummitt et al., 2008, 2015a), including species from lineages of pteridophytes and lycophytes.
Global surveys of the status and conservation priorities of pteridophytes and lycophytes (Jermy, 1990; Given, 1993; Arcand & Ranker, 2008; Mehltreter, 2010) are surprisingly few, and emphasize the need for more information and additional studies. Recent global analyses of patterns and determinants of pteridophyte and lycophyte diversity (Kier et al., 2009; Kreft et al., 2010; Kessler, 2010; Kessler et al., 2011) have focussed on species richness or endemism and not explicitly addressed conservation actions. Aside from practical, ex situ conservation efforts (e.g. Pence, 2004) and from regional and national programmes of conservation prioritisation, global-scale assessments of extinction risk have previously been made for only 362 species of pteridophytes and lycophytes under IUCN Red List Criteria (IUCN Red List website (http://www.iucnredlist.org/about/summary-statistics (​http:​/​​/​www.iucnredlist.org​/​about​/​summary-statistics​), accessed 6th April 2016), from a total of some 10,620 (http://www.theplantlist.org/1.1/browse/P/ (​http:​/​​/​www.theplantlist.org​/​1.1​/​browse​/​P​/​​)) to 12,838 (Paton et al., 2008) known species worldwide. There is currently no IUCN Specialist Group for pteridophytes and lycophytes. However, 972 species of pteridophyte and lycophyte lineages have now been assessed for the SRLI for Plants (Brummitt et al., 2015a), thereby almost tripling the number of pteridophyte and lycophyte species assessed to date. 
The majority of threatened pteridophyte and lycophyte species have been assessed for the IUCN for Plants using IUCN Criterion B and therefore categorised on the basis of geographic range. Specific measures of species’ geographic range (Extent of Occurrence (EOO) and Area of Occupancy (AOO)) are used in carrying out IUCN Red List assessments under Criterion B. However, predictive distribution models are also used to calculate species’ geographical ranges (Rondinini et al., 2006) and it has been suggested that these techniques could be incorporated into assessments of species extinction risk (Sergio et al., 2007; Cardoso et al., 2011; Pena et al., 2014; Syfert et al., 2014; Aletrari, 2016; Tracewski et al., 2016). In this paper we present results from the assessment of pteridophyte and lycophyte species for the SRLI for Plants and comparative analyses of different distribution modelling methods on estimates of range size to investigate the potential impact on IUCN Red List category. We identify areas of conservation priority for pteridophytes and lycophytes and discuss the factors behind patterns of species richness of pteridophytes and lycophytes and causes of its decline.

METHODS
IUCN Red List assessments
A sample of 1500 species of pteridophytes and lycophytes was initially taken from the online Checklist of World Ferns (http://homepages (​http:​/​​/​homepages.caverock.net.nz​/​~bj​/​fern​/​​). (​http:​/​​/​homepages.caverock.net.nz​/​~bj​/​fern​/​​)caverock (​http:​/​​/​homepages.caverock.net.nz​/​~bj​/​fern​/​​). (​http:​/​​/​homepages.caverock.net.nz​/​~bj​/​fern​/​​)net (​http:​/​​/​homepages.caverock.net.nz​/​~bj​/​fern​/​​). (​http:​/​​/​homepages.caverock.net.nz​/​~bj​/​fern​/​​)nz (​http:​/​​/​homepages.caverock.net.nz​/​~bj​/​fern​/​​)/~ (​http:​/​​/​homepages.caverock.net.nz​/​~bj​/​fern​/​​)bj (​http:​/​​/​homepages.caverock.net.nz​/​~bj​/​fern​/​​)/ (​http:​/​​/​homepages.caverock.net.nz​/​~bj​/​fern​/​​)fern (​http:​/​​/​homepages.caverock.net.nz​/​~bj​/​fern​/​​)/ (​http:​/​​/​homepages.caverock.net.nz​/​~bj​/​fern​/​​)list.htm), at the time the only available global resource, and the consistency of this sample was subsequently improved as the assessment process was underway thanks to the input of numerous taxonomic and regional experts, from consulting a wide range of national checklists, Flora accounts and taxonomic treatments, and through peer-review of the assessments as each was completed. As the taxonomic quality of the sample was improved, synonyms were replaced by the accepted name in cases of homotypic synonymy where the Red List category was unaffected; with heterotypic synonyms, which usually post-date the accepted name to which they are referable and have smaller ranges (Collen et al., 2004; Joppa et al., 2011), these were also replaced by the current accepted name apart from a small number where this would result in a different Red List category. In these cases the name was replaced by another species name selected at random from the checklist and checked for taxonomic consistency, so that the overall proportions in each Red List category would not be biased towards widespread, Least Concern species.
The extinction risk for each species was assessed using the five quantitative IUCN Red List Criteria, A – E (IUCN, 2012). All criteria were considered for each assessment; however, the majority of species lacked any detailed information on population sizes or dynamics, so Criterion B (geographic range) was often used for the assessment. For most species the most comprehensive, easily accessible and reliable information representing the known distribution of that species and on which a conservation assessment could be based was accurately-identified herbarium specimens – verifiable records indicating the existence of a species at a given time and place. IUCN Red List assessments using Criterion B should only use specimens considered representative of the present day range, which in many cases will include specimens collected many years previously if those localities are still extant. Historical specimens from beyond the present day distribution may also play a role in assessments, however, as they can indicate that a decline in range has occurred within recorded history if contemporary surveys reveal that the species is no longer extant at a locality where a historical collection was made. 
Collections of sampled species of pteridophytes and lycophytes at the Natural History Museum (NHM) were databased and geo-referenced, together with other specimen data available online, such as institutional data portals, e.g. TROPICOS (http://www (​http:​/​​/​www.mobot.org​/​MOBOT​/​tropicos​/​most​/​iom.shtml​). (​http:​/​​/​www.mobot.org​/​MOBOT​/​tropicos​/​most​/​iom.shtml​)mobot (​http:​/​​/​www.mobot.org​/​MOBOT​/​tropicos​/​most​/​iom.shtml​). (​http:​/​​/​www.mobot.org​/​MOBOT​/​tropicos​/​most​/​iom.shtml​)org (​http:​/​​/​www.mobot.org​/​MOBOT​/​tropicos​/​most​/​iom.shtml​)/ (​http:​/​​/​www.mobot.org​/​MOBOT​/​tropicos​/​most​/​iom.shtml​)MOBOT (​http:​/​​/​www.mobot.org​/​MOBOT​/​tropicos​/​most​/​iom.shtml​)/ (​http:​/​​/​www.mobot.org​/​MOBOT​/​tropicos​/​most​/​iom.shtml​)tropicos (​http:​/​​/​www.mobot.org​/​MOBOT​/​tropicos​/​most​/​iom.shtml​)/ (​http:​/​​/​www.mobot.org​/​MOBOT​/​tropicos​/​most​/​iom.shtml​)) or the Global Biodiversity Information Facility (GBIF; www.gbif.org (​http:​/​​/​www.gbif.org​)) – used with due caution and carefully reviewed and edited to remove duplicate records and erroneous geo-references and where necessary records geo-referenced or re-geo-referenced. These specimen data were combined with information and additional localities about the species from scientific literature. Preliminary GIS-based analyses of range size were used to measure extent of occurrence (EOO) and area of occupancy (AOO) of each species (Willis et al., 2003; Rivers et al., 2010, 2011) and these metrics evaluated against the relevant thresholds for threatened categories in the IUCN Red List Criteria (IUCN, 2012). This approach assumes that point distributions adequately capture the extent and occupancy of the species range, and produces what is a preliminary assessment because further subcriteria must also be met to fully justify an IUCN Red List rating (IUCN, 2012). 
These preliminary assessments were used in the first instance to determine species not likely to be of conservation concern. Species not of conservation concern may nevertheless be found in areas undergoing significant habitat conversion and may themselves be subject to population decline; this information was recorded separately within the assessment. For small-ranged species falling close to or below the range size thresholds for the three threatened categories (Vulnerable (VU), Endangered (EN) or Critically Endangered (CR)), each species was then assessed in greater detail to determine whether at least two out of three sub-criteria under Criterion B were met. If the additional sub-criteria were not met, the species were either rated as Least Concern (LC), or Near Threatened (NT) if the sub-criteria were partially met and were close to the thresholds for the threatened categories, or Data Deficient (DD) if there was insufficient information with which to make a judgement (Brummitt et al., 2015a). 
The randomly-selected sample of 1500 species is unbiased taxonomically and geographically with respect to the larger taxonomic group that it is sampled from (Baillie et al., 2008; Brummitt et al., 2015a). Although the sample size accommodates redundancy in species assessments due to taxonomic change/uncertainty or inadequate data being available for a large proportion of species, at least 900 species out of each sample of 1500 species need to be assessed as non-DD in order for the value of the SRLI to be estimated correctly to a level of 95% confidence (Baillie et al., 2008). Selection of species was entirely at random without any reference to the quantity of data available, but species in the Data Deficient category have been formally assessed as not having enough data with which to make a reliable assessment of their extinction risk, often after an extensive and exhaustive search of available data sources. Species from the sample whose conservation status could not be assessed, generally because they are poorly known but have not been formally assigned to the Data Deficient category, remain Not Evaluated (NE). Many, although not all, of these NE species would probably be assigned as DD upon further investigation, although such investigation has in most cases not taken place, as the threshold of 900 non-DD species had been met and DD species cannot contribute to the value of the overall SRLI.
Data Deficient species introduce a degree of uncertainty into estimates of the proportion of species threatened with extinction (Bland et al., 2014). To account for species assessed as DD, the proportion of threatened species for each group was calculated as [Number of threatened / (Total - DD)], where 'threatened' is the number of species assessed as either VU, EN or CR, 'Total' is the total number of species assessed (i.e. excluding species that are Not Evaluated (NE)) and DD is the number of species assessed as Data Deficient (Schipper et al., 2008; Hoffmann et al., 2010). This gives a ‘best estimate’ of the percentage of threatened species which assumes that DD species would turn out to have the same proportion threatened – and the same proportions in each threatened category – as the ‘data sufficient’ species. A lower estimate is given by [Number of threatened / Total] – thereby assuming that no DD species will turn out to be threatened – and a higher estimate by [(Number of threatened + DD) / Total] – assuming that all DD species will be assessed as threatened (Bohm et al., 2012).
Comparing Geographical Range Estimates
To investigate the potential impact of range estimates on IUCN Red List category, we calculated geographical range using two additional methods for SRLI pteridophytes endemic to the Neotropics: species distribution modelling using MaxEnt (maximum entropy), and determining the ecologically suitable habitat (ESH) available for each species. As the EOO requires a minimum of 3 specimen records to be calculated, a total of 227 SRLI pteridophytes endemic to the Neotropics were used for comparing the range methods; we were not able to extend the analysis to a global scale due to computational limitations.
Species Distribution Models 
Species distribution models (SDMs) were built using MaxEnt software (Version 3.3.3;  ADDIN EN.CITE (Phillips et al., 2006; see also Phillips & Dudik, 2008; Elith et al., 2011 for details), which predicts species occurrences based on correlations between known presences (specimen records) and ecological variables at those sites. MaxEnt is a machine learning algorithm that assumes that a probability distribution with the maximum entropy (i.e. the most spread out or closest to uniform) is the best fit for an unknown distribution. It is widely used (Merow et al., 2013) since it is among the best-performing correlative SDM approaches using presence-only data (Elith et al., 2006). The default regularisation parameters were adopted although MaxEnt was restricted to use only linear and quadratic functional forms to build relatively simple models that do not over-fit the training data (Merow et al., 2013; Syfert et al., 2013). Following Phillips et al. (2009), geographical sampling bias was controlled for by including a sampling bias dataset constructed from all georeferenced plant occurrence data from the GBIF data portal and from the SRLI project on the assumption that they have a similar sampling bias to that of the species investigated (Syfert et al., 2013). The spatial extent considered for each species was the area containing the specimen data plus a 200 km buffer (Syfert et al., 2014). Ecological variable selection was based on a combination of correlation, principal components and cluster analyses to reduce multi-collinearity (Syfert et al., 2014).  SDMs were built using the following variables: annual precipitation, minimum temperature of the coldest month, and the precipitation of the coldest and warmest quarters – all obtained from the WorldClim database version 1.4  ADDIN EN.CITE (http://www.worldclim.org; Hijmans et al., 2005) – annual actual evapotranspiration (AET) (Trabucco & Zomer, 2010), annual water deficit (calculated as potential evapotranspiration (Trabucco &  Zomer 2010) minus actual evapotranspiration; Stephenson, 1998) and 2005 land cover (GlobCover v. 2.2) (Bicheron et al., 2008). All variables had a 30 arc second (~1km at the Equator) spatial resolution.
In a study that compared many SDM algorithms, the predictive performance of MaxEnt was among those that are least sensitive when a small number of specimen records is used to build the models (Wisz et al., 2008). They also demonstrated that model accuracy decreased when the number of specimen records was small (n=10) when compared to larger samples (e.g. n =30); here our focus is to compare range estimate methods by directly comparing the SDM output to the ESH output. Therefore SDMs were built using the complete dataset to train the SDMs for all 227 Neotropical species. Although our comparison included SDMs regardless of predictive performance, we also built SDMs for species with 5 or more specimen records through a 5-fold cross-validation approach to assess broad model predictive accuracy. This approach uses 80% of the data to train the model and reserves 20% for model evaluation; this process is repeated until each reserved set is used to evaluate models (Franklin, 2009). SDMs were evaluated using the frequently-applied Area Under the Curve (AUC) metric  ADDIN EN.CITE (Fielding & Bell, 1997; Franklin, 2009); a value of 1.0 is considered a perfect prediction and a value of 0.5 or less is considered a prediction no better than random. Range maps were created for each species (i.e. binary maps of predicted presences and absences) using a maximum sensitivity and specificity approach to threshold the probabilities of occurrence  ADDIN EN.CITE (Liu et al., 2005; Liu et al., 2013). The area of the geographical range was calculated by summing grid cells with predicted presences. 
Ecologically Suitable Habitat
The ecologically suitable habitat (ESH) available for each species was calculated from values suitable for the ecology for that species, as well as land cover and environmental information, within the convex hull defining the species' EOO. Species’ ESHs were calculated using three variables: altitude (SRTM v.4) (Jarvis et al., 2008), land cover (GlobCover v. 2.2) (Bicheron et al., 2008) and annual water deficit (see above); all variables had a 30 arc second spatial resolution. Areas within the species’ EOO that fell outside of the range of values for altitude, habitat (natural or anthropogenic land cover) and available moisture (water balance) were deleted from the EOO to produce the ESH. The specimen occurrences used to calculate the ESH were same set of specimen records used to calculate the species EOO and used to build the SDMs.
Studies have shown that SDMs combining land cover with climatic variables are better at predicting species distributions at a particular point in time (Iverson & Prasad, 1998; Pearson et al., 2004; Thuiller et al., 2004; Stanton et al., 2012); current land cover is also used to calculate the species’ ESH. For this reason it was decided to include land cover in the SDMs, in order to make them comparable with species ESHs. In addition, while each ESH was produced within the convex hull defining the species’ EOO, each SDM was clipped to the species’ EOO to then make them comparable with the ESH of that species. 
The original EOO for each species was compared with its ESH for all 227 SRLI Neotropical pteridophytes and lycophytes as well as its SDM. A non-parametric Mann-Whitney U test was used to determine if there are statistically significant differences between species’ ESH/EOO and SDM/EOO ratios. In addition, species’ ESH and SDM areas were compared by plotting the ESH area against the SDM area of each species. For this analysis, species were separated firstly by the size of their EOO and secondly by their number of specimens, to investigate whether the similarity between the two sets is influenced by the number of specimens and the size of the EOO used in calculating the species’ ranges. An ordinal linear regression between the EOO and the ESH and SDM areas was performed for each group of species. 
Map of endemism richness
A global map of the richness of range-restricted  species of pteridophytes and lycophytes was produced by calculating the range size-rarity (c-value) (Kier et al., 2009) of 640 SRLI pteridophyte or lycophyte species; species with fewer than 3 specimen records or 3 independent localities were excluded from this analysis. The c-value of a species is the inverse of the number of occupied grid cells, in this case from the species’ ESH (Usher, 1986). The c-values of all species occurring in a cell were then summed, resulting in a combined c-value per grid cell to produce a global map of endemism richness (Kier et al., 2009). Although not a global map of degree of endemism in the sense of the proportion of species found nowhere else (for this, see Kessler, 2010) this map nonetheless highlights areas where large numbers of species have very small ranges, which arguably reveals areas of conservation priority for a greater number of pteridophytes and lycophytes as a whole.

RESULTS
Threatened pteridophytes and lycophytes
Overall, 16% (using the ‘best estimate’ where DD species are assigned non-DD IUCN Red List categories in the same proportions as the assessed species) of pteridophyte and lycophyte species assessed met the thresholds for one of the threatened IUCN Red List categories of Vulnerable, Endangered or Critically Endangered, compared with over one in five (22%) for all plant groups with representative samples or completely assessed for the SRLI for Plants (Brummitt et al., 2105a). An additional 6% of pteridophytes and lycophytes are rated as Near Threatened (that is, they are close to meeting the criteria for one of the threatened categories and are likely to meet the thresholds for the threatened categories if no steps are taken to halt their decline), making more than one in five (22%) of pteridophyte and lycophyte species of elevated conservation concern, being either threatened or Near Threatened with extinction, compared with 30% of all plant species threatened or Near Threatened from those assessed so far for the SRLI for Plants (Brummitt et al., 2015a). 
More than three-quarters (78%) of the sample of pteridophyte and lycophyte species assessed for the SRLI for Plants are Least Concern. Conversely, prior to assessing this randomly-selected sample, the proportion of pteridophyte and lycophyte species that were already on the Red List and had been assessed as Least Concern was less than one quarter (24%) (Table 1), while 197 species (54%) had been assessed as threatened, a much higher proportion (Fig. 1). Due to the large number of pteridophyte species currently on the IUCN Red List that are assessed as Data Deficient, the possible proportion threatened becomes 64% using the ‘best’ estimate of the total proportion threatened (Table 1). This confirms that many species currently listed on the IUCN Red List had been assessed because they were a priori considered likely to be threatened with extinction. The principle threats to species of pteridophytes and lycophytes assessed for the SRLI for Plants are: conversion of natural habitats to agriculture; disturbance to forest habitats from indiscriminate or selective logging; clearing of forests for rearing of livestock; and residential development and increasing urbanisation (Table 2). These threats are broadly similar to those for other plant groups (Brummitt et al., 2015a). 
Differences between ESH and SDM
82 of 155 (53%) threatened pteridophyte and lycophyte SRLI species were assessed using Criterion B, although each species may also be assessed using other Criteria. SDMs for those species that are endemic to the Neotropics and were built using all of the available data for each species to train the SDM had a median AUC of 0.87±0.09 SD; for species with more than 5 specimen records the median of the average test AUC gave a robust predictive performance of 0.79±0.11 SD (from 5-fold cross-validated models). 85% of these endemic Neotropical species had a measure of ecologically suitable habitat (ESH) that was bigger than the equivalent species distribution model (SDM) (Fig. 2). There was a strong positive relationship (r²> 0.90, p<0.001) between the area of the original EOO and the species’ ESH, whereas the relationship between the area of the original EOO and the species’ SDM was not so strong (r²> 0.81, p<0.05) (Fig. 2). There was a greater mean reduction from EOO to SDM (74.6±0.5%) than from EOO to ESH (43.7±0.3%), and a statistically significant difference between the EOO and either the ESH or the SDM (Mann-Whitney p<0.0001). The areas of the ESH and SDM were most similar in species with small original EOOs (<6.5x106 km²) (r²=0.68) and this similarity decreased as the size of the original EOO increased. Applying the range size thresholds for threatened IUCN Red List categories under Criterion B (IUCN, 2012) identifies 10 species whose rating would move from VU to EN and a further 8 whose rating would move from EN to CR using either SDM or ESH instead of EOO (and assuming two out of the three subcriteria were also met); for 7 of these 18 species the final rating would differ depending on whether it was SDM or ESH used instead of EOO as range measures fell either side of the Criterion B threshold.
In general the difference between the EOO and SDM was greater than the difference between the EOO and ESH for species with large distributions (>1.5x107 km²). Species assessed with 15 or more specimen localities have a high degree of accuracy (Rivers et al. 2011); ESH and SDM were more similar to each other (r²=0.92) when species’ ranges were calculated using 15 – 50 specimen occurrences than when calculated using 3 – 15 occurrence points (r²=0.87). Similarity between SDM and ESH was also investigated by calculating the area overlapping for each species. ESH and SDM overlapped completely for just two species; mean percentage overlap was 57±14%. The ESH and SDM areas of more than half of species overlapped by more than 40%; fifty eight species had ESH and SDM areas overlapping by 0 – 20% whereas twenty four species had ESH and SDM areas overlapping by 80 – 100%. As with the size comparison greater similarity was found for species with a smaller original EOO and in species that had between 3 and 50 specimens. However, relationships between the ESH-SDM overlap and EOO size, and between ESH-SDM overlap and number of specimens, were not statistically significant. 
Areas of endemic species richness
93% of pteridophyte and lycophyte species assessed for the SRLI for Plants are found in forest habitats; of these, 80% of the total sample is found in tropical forests and the other 13% in temperate forests, although of course individual species may be found in more than one habitat. The map of areas of endemism richness (Fig. 3a) shows regions of montane, tropical or sub-tropical forest as home to many species of pteridophytes with small ranges. There is little information, by definition, on levels of endemism in areas known to be unsuitable for pteridophyte species (e.g. deserts, water bodies, polar regions) or in areas covered by small numbers of specimen records in this analysis (in the southern part of South America, or the northern part of Europe). The two areas with the highest maximum endemism value appear to be montane Mesoamerica in the Neotropics (Fig. 3b) and the island of Borneo in the Indomalayan region (Fig. 3c). High levels of endemism were found on tropical islands (Madagascar (Fig. 3d), the islands in the Indo-Pacific area (Fig. 3c) and the Caribbean islands (Fig. 3b) and in montane areas (Central America and the Tropical Andes (Fig. 3b), Africa (Fig. 3d) and New Guinea (Fig. 3c)). In particular, evident in the Neotropics are the chain of mountains running through western and southern Mexico and Central America, the tropical Andes and also the Guayana Highlands, and the Serra do Mar in southeast Brazil (Fig 3b); the Cameroon Highlands and the Albertine Rift and Eastern Arc Mountains in Africa, and the remaining wet tropical forest in eastern Madagascar (Fig. 3d); the Sino-Himalayan region and southern China, northern Vietnam, Taiwan, Peninsular Malaysia and the south-east Asian islands of Sumatra, Borneo, Sulawesi and the Philippines in tropical Asia (Fig. 3c); and in Australasia the mountains of New Guinea and the Great Dividing Range in eastern Australia (Fig. 3c) all stand out.

DISCUSSION
Extinction risk in pteridophyte and lycophyte species
Over three-quarters of pteridophyte and lycophyte species assessed for the SRLI for Plants are classified as Least Concern. However, in many cases there has already been a reduction in the quantity or quality of natural habitat across the ranges of these species, although the range or population size may not yet have declined enough to meet the thresholds set by IUCN for a threatened category, or else the species is known to occur within effectively managed protected areas. Some are naturally small-ranged, but are not currently undergoing range or population decline despite falling under the IUCN EOO threshold for Vulnerable. Conversely, as we have taken a randomly-selected sample representative of this broader group of plants, a few species in the sample, for example bracken (Pteridium aquilinum), have extremely widespread distributions. 
Compared with other plant groups that have been either wholly or representatively assessed, pteridophytes and lycophytes have a similar proportion of species threatened with extinction, with the exception of gymnosperms, where the heavy threats affecting specific species of cycads (Marler & Marler, 2015) give a very high proportion of gymnosperm species threatened (40%). Of the four other plant groups for which samples have been assessed for the SRLI for Plants, pteridophytes and lycophytes appear to be slightly less threatened than bryophytes (19%) or monocots (18%), but more threatened than legumes (11%) after accounting for DD species using the ‘best estimate’ of proportion threatened (Brummitt et al., 2015a). 
This is due to the relative habitat preferences of each group: pteridophytes and lycophytes are predominantly plants of stable, moist, shady habitats framed by woody angiosperms (Schneider et al., 2004; Sharpe et al., 2010) where they are dependent on external water for sexual reproduction (Sharpe & Mehltreter, 2010), with comparatively few species found in open environments subject to high insolation (Hietz, 2010) as they lack some of the fundamental adaptations of flowering plants to more seasonal, extreme environments such as succulence, annual habits or seed dormancy (Kessler, 2010). Bryophytes are equally if not more diverse in closed-canopy tropical forest habitats, whereas legumes are often found as small annual or perennial herbs in open habitats subject to natural, periodic disturbances, often surviving as seeds that may remain viable in the soil for many years. 
This is also true of monocots; however, although lineages such as grasses and sedges, and many flowering bulbs, are more often found in open habitats in full sun, almost one third of monocot species worldwide are orchids, two thirds of which are epiphytes and, like many pteridophytes and especially bryophytes, are found within tropical forests . This explains the similarity in the overall proportions of threatened species between this lineage of angiosperms and the two groups of cryptogamic plants, when compared with a more generalist angiosperm lineage, the legumes. The sustained conversion of tropical forest habitats, where most plant species are found, into transient or subsistence agricultural land therefore means that most threatened species are found in this habitat (Brummitt et al., 2015a), and  weighting an increasing overall proportion of threatened species in groups found predominantly in tropical forests.
Extinction risk can be compared for different taxonomic groups through the relative values of the Sampled Red List Index (Butchart et al., 2007) as they have been produced through equivalent assessment programmes (Baillie et al., 2008). Plants overall are slightly less threatened with extinction (0.86) than are mammals (0.85) (Schipper et al., 2008), are much more threatened than are birds (0.92) (Butchart et al., 2005), but are much less threatened than are amphibians (0.74) (Stuart et al., 2004). Warm water reef-building corals show the steepest increase in extinction risk of any completely assessed group (Carpenter et al., 2008). Compared with other taxonomic groups from which only samples have been assessed, pteridophytes and lycophytes have an SRLI value of 0.91, so are as equally threatened as are dragonflies and damselflies (0.91) (Clausnitzer et al., 2009) and similar to reptiles (0.89) Bohm et al., 2012), but are less threatened than freshwater crabs (0.83) (Cumberlidge et al., 2009) or crayfish (0.79) (Richman et al., 2015). 
Modelling geographic ranges
Criterion B (geographic range) is the most commonly used IUCN Red List criterion for assessing plant species, used for 53% of pteridophytes and lycophytes and 59% of plant species overall for the SRLI for Plants (Brummitt et al., 2015b), and estimating range size may be a significant factor in the IUCN Red List category assigned (IUCN, 2016). Two different modelled distributions were compared with the EOO of each species: species distribution modelling and ecologically suitable habitat. The average size of suitable habitat decreases with increasing category of threat, as one would expect, but there was a larger mean reduction of the EOO area when the species range was estimated with the SDM metric than with the ESH metric. As regards whether the two metrics were predicting identical areas within the species distribution, the mean percentage of the species ESH area overlapping with SDM area was 56±14%, with ESH and SDM areas of more than half of the investigated species overlapping by more than 40%. ESHs and SDMs were most similar for species with small original EOOs. 
In both cases (size and overlapping area), the ESH area is strongly correlated (r²=0.9) with the original EOO area, showing that the larger the EOO the more suitable habitat is available for a species. This was not the case with the SDM, which was poorly correlated with the size of the EOO (r²=0.4). However, there was a strong relationship (r²=0.8) between the size of the SDM and EOO in species with small EOOs, similar to the relationship between the ESH and EOO area. The greater similarity between the ESHs and SDMs in species with small EOOs (e.g. Terpsichore pichichense, Ctenitis chiriquiana) can be explained by the fact that such species are habitat specialists, where specimens effectively capture the strict ecological requirements of these species, despite their low number. This agrees with previous studies that reported higher accuracy of SDMs for habitat specialist than generalist species (Segurado & Araújo, 2004; Elith et al., 2006; McPherson & Jetz, 2007; Franklin, 2009; Grenouillet et al., 2011). For some species, however, the similarity between the ESH and SDM was low even though their EOO was small. These included species with small EOOs due to high levels of habitat loss within their geographic range (e.g. Asplenium congestum and Ceradenia melanopus); in these cases the low similarity between ESH and SDM reflects the different weight that each method assigns to the land cover variable.
Species with larger EOOs had lower similarity between their SDM and ESH. This was to be expected as such species occur in a variety of environments. Species with medium to large EOOs represented by a large number of specimens would be expected to have relatively high similarity between their SDM and ESH. This was true for some species (e.g. Diplazium grandifolium) but not for other widespread species with large numbers of specimens (e.g. Elaphoglossum lingua). One possible explanation is that the ESH metric can overestimate species distributions at low elevations. This could be the case for Elaphoglossum lingua, the ESH of which is significantly more extensive (70% of its range) in the lowlands than the equivalent SDM, and the ESH-SDM overlap (10% of its range) is mainly evident in montane areas. Another explanation is that the uneven distribution of specimens (i.e. sampling bias) can result in the habitat requirements of the species not being adequately captured. While the pool of species in our sample does not create obvious geographical bias, the specimen records do show some geographical bias at smaller scales, due to some species not being represented by specimen records across their whole range. The effect of geographical sampling bias was reduced for the species distribution modelling by adding pseudo-absence points (Syfert et al., 2013), but this issue was not addressed in the ESH approach. 
Habitat suitability models, including SDMs and ESHs, have greater commission errors (false positives) than omission errors (false negatives) (Gaston & Fuller, 2009). The higher mean reduction of the EOO when using the SDM metric and the high accuracy of the SDMs suggests that SDMs are more effective than ESHs in reducing commission errors. However, this could not be tested as independent data were either limited (1 –3 specimens) or were not available. Nevertheless, SDMs were expected to have fewer commission errors and to be smaller than ESHs due to the conservative approach of the ESH calculation method. The ESH was found to overestimate a species’ geographical range at low altitudes; however, SDMs better capture the environmental space of the species as more variables are used. The SDM approach is complex, computationally intensive and a good knowledge of the particular species-environment relationship is needed, in contrast with the ESH that is a much more straightforward calculation. Nonetheless, the two comparisons (size and overlapping area) show that despite the simplicity of the ESH calculation method, the ESH approach is predicting species’ distributions that have a considerable level of similarity with SDMs.
Priority areas for pteridophyte and lycophyte conservation
Countries with a high proportion of threatened pteridophyte and other plant species are those ‘megadiverse’ countries (Mittermeier et al., 1997) whose floras constitute a confluence of many different floristic elements (Brummitt, 2005). Areas of high endemism for pteridophytes and lycophytes are found in large, topographically complex tropical islands and mid-altitude tropical moist forests (Kier et al., 2009; Kessler, 2010; Kreft et al., 2010) in montane areas (Moran, 1995; Kessler et al., 2001, 2011, 2014; Salazar et al., 2015). The highest level of endemism was found in the Talamanca Mountains of Costa Rica and Panama, due to the large number of SRLI forest species with narrow ranges occurring in this area. This agrees with Moran (1995) who recorded high levels of endemism for pteridophytes in the Talamanca Mountains, and with Tryon (1972) who identified the Costa Rica Mountains as a centre of endemism for pteridophyte species. In this analysis, however, rather than just confirming previous studies we are able to better quantify more precise areas and species of conservation priority for pteridophytes and lycophytes (Fig. 3), and show that most of those threatened are small-ranged species, often known from only a few collections, found in montane forests undergoing rapid conversion from natural habitats into degraded vegetation less suited to pteridophytes, that are dependent on external moisture for completing their life cycle, or into subsistence or pastoralist agriculture. 
Nearly 10% of pteridophyte species have now been assessed for the IUCN SRLI for Plants, almost tripling the number formally evaluated under IUCN Red List criteria. IUCN Red List assessments can effectively capture genetic diversity and so also evolutionary potential (Rivers et al., 2014), and areas of high pteridophyte and lycophyte diversity and endemism such as montane Andean forests (Moran, 1995; Kessler et al., 2001) have also been shown to be areas of high recent speciation for other groups of plants (Hoorn et al., 2010; Pennington et al., 2010). It remains to be seen whether or not this is also the case for species of pteridophytes and lycophytes. The regions prioritised as areas with concentrations of small-ranged, threatened species of pteridophytes and other plants are also areas of high vertebrate endemism and threat (Grenyer, 2006; Jenkins et al., 2013). Therefore, as work progresses to ground-truth the status of the species identified as being of conservation concern (Brummitt et al., 2015b) and feeds into broader efforts to monitor terrestrial biodiversity (Schmeller et al., 2015), the future of pteridophyte and lycophyte diversity will depend on the conservation actions taken in the next few years in combination with efforts to conserve the world’s threatened animal species (Joppa et al., 2013; Pimm et al., 2014). It is our hope that this study will contribute towards that end.
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Table 1. Numbers and percentages of pteridophyte species assessed under each IUCN Red List Category, prior to the sample of species assessed for the IUCN Sampled Red List Index (SRLI) for Plants (Brummitt et al., 2015a), compared with only the sample of pteridophytes for the SRLI for Plants.
IUCN Red List Category	Previously on IUCN Red List, prior to SRLI	% of species of pteridophytes on Red List	SRLI for Plants	% of species of pteridophytes from SRLI
Extinct (EX)	-	-	-	-




lower estimate % threatened	–	54.42	–	15.95
best estimate % threatened	–	64.38	–	16.01






Table 2. Numbers and percentages of species of pteridophytes and lycophytes assessed as threatened for the IUCN Sampled Red List Index (SRLI) for Plants (Brummitt et al. 2015a), ranked by importance of threat. Species may be subject to more than one threat.



















Figure 1. Proportions of threatened species prior to (left) assessments of pteridophyte and lycophyte species for the Sampled Red List Index (SRLI) for Plants (Brummitt et al. 2008, 2015a), compared with assessments of a random sample of 1500 fern and lycophyte species undertaken for the SRLI for Plants (right).

Figure 2. Relationship of the estimation of range size between Extent of Occurrence (EOO), Ecologically Suitable Habitat (ESH) and Species Distribution Modelling (SDM), respectively, for 227 species of pteridophytes and lycophytes endemic to the Neotropics from the sample taken from the IUCN Sampled Red List Index for Plants. Note logarithmic axes; thresholds for EOO under threatened IUCN Red List categories follow IUCN (2012).

Figure 3. a) Global map of endemic richness for 640 species of pteridophytes and lycophytes with at least 3 specimen localities assessed for the IUCN Sampled Red List Index (SRLI) for Plants (Brummitt et al. 2015a),calculated as the sum of range-size rarity for each 1km cell from the ESH for each of these species (i.e. c-value; Kier et al. 2009) to represent areas with large numbers of species that have very small ranges; and insets showing b)the Neotropical realm, c) the Indomalayan and Australasian realms and d) the Afrotropical realm. Inset maps are clipped to the biogeographic boundaries of each realm.
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